Particle impingement velocity is one of the most important parameters in solid particle erosion and therefore numerous studies have been conducted by many researchers. Particle impingement velocity depends on erosion test parameters such as particle acceleration pressure, erodent particle size and standoff distance. Over the past decades many experimental studies have been conducted to examine the effects of these parameters on the particle impingement velocity. In this study, the effects of particle acceleration pressure, erodent particle size and standoff distance on the particle impingement velocity have been investigated by using a computational fluid dynamics (CFD) program, FLUENT. In order to achieve these goals solid particle erosion tests are simulated under various test parameters and the effects of these parameters are examined in detail. In order to show the effect of particle velocity on the flow field, are investigated by using method geometrics. Two-dimensional plane symmetrical models are utilized to reduce the computation time. Plots of gas pressure and particle velocity contours at the XY symmetrical plane from nozzle inlet to substrate were given. CFD analysis showed that all erosion test parameters have dramatically affected particle impingement velocity. Particle impingement velocity was increased with increases in acceleration pressure while it was decreased with increases in both erodent particle size and standoff distance.
INTRODUCTION
Solid particle erosion (SPE) is a process of progressive removal of material from a target surface due to repeated impact of erodent particles [1] . In some cases SPE is a useful phenomenon, as in sandblasting, high speed abrasive water jet cutting, grit blasting, shot peening etc., however it is a critical problem in various engineering systems, including steam and jet turbines, aircraft applications such as radar dome, pipelines and valves carrying particulate matter, and fluidized bed combustion systems [2] . SPE is specifically interesting in pneumatic transportation of coal dust, gas turbines and surface finishing of machine parts where sand, grit or shot blasting process [3] .
SPE behavior of materials depends on various factors such as test parameters (particle impingement angle and velocity, acceleration pressure, mass flow rate, etc.), erodent particle properties (shape, hardness, size, type, etc.), target material properties (hardness, toughness, modulus, fracture, behavior, etc.), and test conditions (temperature, chemical interaction of erodent with target material, etc.) [1] .
Particle impingement velocity can be considered as one of the most important parameters for many processes such as solid particle erosion, grit blasting, cold spray plasma coating, thermal spray coating and etc. [4] [5] [6] [7] . Therefore, several methods such as laser doppler velocimeter, photographic technique, double disc method etc. have been used in order to measure the particle velocity [8] . Several parameters affect particle impingement velocity and it is highly important to understand the effects of these parameters on the velocity of impingement particles. Zeng et. al reported that nozzle geometry, properties of accelerating gas and particles affect particle impingement velocity. Li W-Y et. al also reported that nozzle geometry significantly influences the particle velocity.
As it is difficult to understand how the operational parameters (such as acceleration pressure, standoff distance, properties of impingement particle etc.) and design factors (such as nozzle length, nozzle geometry etc.) affect the particle impingement velocity, many researchers have tried to develop models [8] and apply computational simulations in order to analyze the particle impingement velocity [4] [5] [6] [7] [8] [9] . The computational fluid dynamics (CFD) has made it possible to simulate gas-solid two-phase flow and analyze the particle impingement velocity as stated in literature [4, 6, 10] . Hence, many researchers have tried to analyze the effects of various parameters on the particle impingement velocity by using CFD analysis.
Grewal et. al studied the effects of nozzle length on the velocity of impingement particles by usin CFD analysis and reported that inadequate travel distance available for the erodent particles to accelerate to the velocity of the fluid stream could devoid the assumption that erodent particles travel at the velocity of fluid thus CFD could successfully be used to estimate and optimize the length of an acceleration tube [10] . It has been widely accepted that particle velocity prior to impact is one of the most important parameters of cold spraying. According to the reported results obtained by both the experiment and numerical simulation, many factors influence the particle velocity in cold spraying, including nozzle geometry, accelerating gas conditions and properties of particles [8] . Li W-Y et. al investigated the effect of standoff distance on coating deposition characteristic through both the experiment and CFD simulation of particle acceleration aiming at the optimization of cold spray process [11] . Azimian et. al examined experimental and CFD simulation of erosion wear of two hard metals in water-sand slurry mixture in a cylindrical tank tester and studying the dependence of erosion wear to influencing parameters [12] .
Literature survey have showed that CFD analysis can be used in order to examine particle impingement velocity in various processes such as solid particle erosion, slurry erosion, cold spray coating etc. On the other it is important to address the effects of particle acceleration pressure, erodent particle size and standoff distance on the particle impingement velocities in these processes. Hence, it is aimed to investigate the effects of particle acceleration pressure, erodent particle size and standoff distance on the particle impingement velocities in solid particle erosion process by using a (CFD) analysis. In order to achieve these goals solid particle erosion tests are simulated under various test parameters and the effects of these parameters are examined in detail.
EXPERIMENTAL Erodent Particle Characterization
In this study it is aimed to simulate solid particle erosion under various parameters by using CFD analysis. The parameters of the simulation are selected to suit experimental studies previously presented by the researchers [13, 14] . Hence, commercially available 20-40, 80, 120 and 180 mesh sized garnet particles are supplied and the average particle sizes of these particles are analyzed by using a laser diffraction particle size analyzer (Microtrack S3500). In Table 1 the average particle size of garnet particles are given. Afterwards measured average particle sizes of garnet particles are used as the particle sizes in numerical modeling. 
Numerical Modeling
In this study, numerical modeling was performed by using a ANSYS FLUENT (Ver 14.5) program in order to determine the investigate the effects of standoff distance, acceleration pressure and particle size on the solid particle erosion process. Two-dimensional plane symmetrical models are utilized to reduce the computation time. The nozzle inlet and outlet surfaces are schematically given in Figure 1 . In order to determine boundary conditions pressure inlet (actual operating pressure) and pressure outlet (correspondent to static atmospheric conditions) values were set up. In order to impose realistic results the outlet boundary conditions have to be far enough from the nozzle exit cross-section [15] , hence the outside domain was modeled with a cylinder of 50 mm in radius and 100 mm in length from the nozzle exit. The substrate was modeled as a rigid surface at the standoff distance from the nozzle exit location. The wall boundary is, by default in FLUENT, not moving and of a fixed heat flux of zero. The substrate was a disc of 20 mm in radius and 2 mm in thickness. The dimensions of nozzle in CFD analysis were a cylinder of 5 mm in radius and 50 mm in length.
The governing equations for gas flow include the physical laws of conservation of mass, momentum, and energy. Because the coupled scheme obtains a robust and efficient single phase implementation for steady-state flows, a coupled implicit method is used to solve the flow field and the result of flow field in a steady state is obtained [5] . The realizable K-ε turbulence model was utilized in the simulation because of the high pressure gradients [16] . The standard wall function is chosen for the near-wall flow treatment. [4, 5, 7, 11] Garnet is used as the erodent particle material. The acceleration of particles is computed using discrete phase modeling (DPM). The model requires that the discrete phase must be present at sufficiently low volume fractions. In this case, all the erodent particles are spherical in shape and hence the spherical drag law is used to compute the drag coefficient. Particle-particle interactions and the effect of particles on the gas phase can be neglected [5] .
FIGURE 1. Schematic diagram of the geometric model used in CFD analysis

RESULTS AND DISCUSSION
Effect of Standoff Distance on Particle Velocity
Numerical simulations have been performed for Garnet particles of different sizes (158 µm, 206 µm, 238 µm, 702 µm) according to the blasting nozzle conditions in this study. The acceleration gas was operated at pressures of 1.5 bar, 3 bar, 4 bar. The standoff distances from the nozzle exit to the substrate surface were 20, 50, 70, 100, 120, 150 mm. Fig. 2 shows the simulation results on the changes of particle velocities from nozzle to substrate surface. It is seen that the particle velocity increases a bit after the nozzle exit. The particle velocity is decreased quickly at some standoff distance of about 120 mm. The impingement particle velocities increase remarkably after the nozzle exit and are further accelerated to a maximum value outside the exit at some standoff distance ranging from 20 to 120 mm, which is dependent on the particle size and acceleration pressure. The standoff distance increases with increasing the particle size. These results suggest that for a lighter particle the optimal standoff distance is shorter, which is consistent with the reported results that the lighter particles are more readily influenced by the gas flow [11] . FIGURE 2. The effect of standoff distance on the particle velocity under various parameters (a) 1.5 bar, (b) 3 bar, (c) 4 bar. Fig. 3 shows contours of gas and particle velocity from nozzle inlet to substrate under various standoff distance. The distributions of gas and particle velocity depending on the standoff distance can be clearly seen in Fig. 3 . Some shock waves are generated near the nozzle exit indicated by the oscillation of gas velocity. The velocities of gas and erodent particles decreased with increases in standoff distance. From Fig. 3 it can be concluded that standoff distance dramatically affect the velocities of gas and impingement particles. The velocity magnitude contours are well correlated with Fig. 2 . These contours can be successfully used in order to understand the behavior of gas and particle velocity depending on standoff distance. 
Effect of Particle Acceleration Pressure on The Particle Velocity
In Figure 4 the effect of particle acceleration pressure on the particle velocity under various parameters is given. It is seen that particle acceleration pressure significantly affected the particle velocity. The contours of the gas velocity magnitude obtained at three different gas stagnation pressures are presented in Figure 5 . It can be seen from the Figure 5 -(c) that velocity of air at the exit of the nozzle was approximately ~450 m/s. In both cases, the gas flow is over-expanded with the typical diamond-shock structure of the free jet [17] .
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12 mm 10 mm FIGURE 4. The effect of particle acceleration pressure on the particle velocity under various parameters In Figure 5 it can be clearly seen that the gas and particle velocity are increased with augmentation in acceleration pressure. These results indicate that acceleration pressure greatly affect the air and impingement particle velocities which is consistent with the reported results that as the inlet air pressure and airflow rate increase, the particle velocities also increase [8] . 
Effect of Particle Size on Particle Velocity
Distributions of garnet particle velocities depending on particle size along the nozzle axis obtained for three different values of gas stagnation pressures are presented in Figure 6 (a), (b) and (c). The calculation was performed for 158-206-238-702 µm sized particles. It can seen from the Figures that the garnet particle velocity importantly depends on the particle size and the gas stagnation pressure, and lies in the range between 40 and 80 m/s at the point situated at 100 mm from the nozzle exit.
Wang et. al [8] reported that the particle velocity decreases as the particle size increases and explained this by the increase of particle-particle and particle wall collisions. Li W-Y et. al [7] also reported that particle size significantly influences particle impingement velocity. Li W.-Y. [11] reported that impingement particle velocity increases with the decrease of particle size and higher particle velocity can be obtained with small sized particles. As it can be seen in Figure 6 (a), (b) and (c) the smallest garnet particles are always have the maximum particle impingement velocities, while the biggest garnet particles have the minimum. Hence, it can be concluded that the particle impingement velocity increases with the decrease in particle size as stated in literature [7, 8, 11] FIGURE 6. The effect of particle size on the particle velocity under various parameters (a) 1.5 bar, (b) 3 bar, (c) 4 bar
CONCLUSION
In this study, it is aimed to investigate the effects of particle acceleration pressure, erodent particle size and standoff distance on the particle impingement velocities in solid particle erosion process by using a (CFD) analysis. The conclusions of the study are given below.
1. All parameters have dramatically affected the particle impingement velocities. Plots of gas pressure and particle velocity contours at the XY symmetrical plane from nozzle inlet to substrate successfully demonstrate the variation of air and particle impingement velocities under various test parameters. 2. The impingement velocities of various sized particles are increased with increases in acceleration pressure. On the other hand, the impingement velocities of particles are decreased with increases in particle size. Moreover, the impingement velocities of particles are increased with standoff distance up to a limit; however the impingement velocities are decreased with further increases beyond this limit. 3. Finally, it is concluded that the variation of particle impingement velocities under different parameters in solid particle erosion process can be successfully analyzed and investigated by using CFD analysis.
